Background: In a time of increasing concerns over personalized and precision treatment in breast cancer (BC), filtering prognostic factors attracts more attention. Apoptosis-Inducing Factor Mitochondrion-associated 3 (AIFM3) is widely expressed in various tissues and aberrantly expressed in several cancers. However, clinical implication of AIFM3 has not been reported in BC. The aim of the study is to investigate the crystal structure, clinical and prognostic implications of AIFM3 in BC.
Background
On a global scale, breast cancer (BC) is the most frequent malignancy and the leading cause of cancer death among females [1] . In China, BC accounts for 12.2% of new cases diagnosed with cancer and 9.6% of cancer deaths [2] . Although 'Escalation' on the basis of proven treatments has resulted in better outcomes for appropriate patients, there is a still challenge that 'De-escalation' requires more valuable evidence and rigorous judgment [3] . Multigenic assays and some other possible ways are being used to categorize BC patients and guide systemic therapy. As 'de-escalation' requires more valuable evidence and rigorous judgment, filtering new prognostic factor is considered to be an effective way [4] .
Apoptosis-Inducing Factor Mitochondrion-associated 3 (AIFM3) contains 598 amino acids, with two major domains. The characteristic Rieske domain localizes to the mitochondria and induced apoptosis, while pyridine nucleotide-disulfide oxidoreductase domain in the cytosol is speculated to have addition functions which have not been fully clarified [5] . Although AIFM3 is widely expressed in various tissues, the function of AIFM3 in occurrence and development progress of cancer is rarely reported. AIFM3 is aberrantly expressed only in cholangiocarcinoma (CCA) tissues, suggesting that AIFM3 can be a potential target molecule for CCA chemotherapy [6] . AIFM3 is a direct target of miR-210 which is related to proliferation and enhanced radio-sensitivity in hypoxic human hepatoma cells [7] . To date, AIFM3 has not been reported in BC, so it remains unclear whether the expression of AIFM3 is associated with the related clinical outcomes in BC patients.
Protein Tyrosine Phosphatase Nonreceptor-type12 (PTPN12) is reported to be a tumor suppressor and protective prognostic factor for BC [8] . Fundamental function for PTPN12 has been recognized in apoptotic pathway, keeping stability balance and normal function [9] . PTPN12 acts on an unidentified substrate-upstream of caspase-3 activation-to facilitate cellular detachment during apoptosis [10] . AIFM3 mediates the release of cytochrome c from the mitochondria to the cytosol and cleavage of caspase-3 [11] . Protein mass spectrum in previous work revealed that a total of 104 proteins including AIFM3 was differentially expressed between PTPN12-overexpressing HCC-1937 cell line and control group. The interaction between PTPN12 and AIFM3 in caspase-dependent apoptosis needs more evidence.
In the present study, we used bioinformatics analysis including the Cancer Genome Atlas-breast cancer (TCGA-BRCA), Kaplan-Meier survival analysis and Gene Set Enrichment Analysis (GSEA) to demonstrate expression level, survival and the mechanisms related to AIFM3 signature in BC. Then we investigated AIFM3 expression by immunohistochemistry (IHC) and explored how AIFM3 affected clinical pathology factors and patient survival in a random sample of 151 BC patients. The crystal structure of AIFM3 was modelled and intramolecular interaction of AIFM3 and PTPN12 was predicted by Molecular Operating Environment software (MOE).
Methods

TCGA and Kaplan-Meier survival analysis
Gene expression (https://cancergenome.nih.gov/) from TCGA-BRCA database was downloaded, containing 113 samples of normal breast tissues and 1109 samples of breast cancer tissues. Then edgR package was used to normalize gene expression in R environment. The different expression of AIFM3 in normal tissues and cancer tissues was analyzed by Graphpad Prism 7.0. KaplanMeier survival analysis for the relationship between survival time and AIFM3 signature was performed by Kaplan-Meier Plotter (http://kmplot.com/analysis/), an online database of published microarray datasets that assess the effect of 54, 675 genes on survival using 5, 143 breast cancer samples [12] .
Gene set enrichment analysis (GSEA) GSEA (http://www.broadinstitute.org/gsea/index.jsp) was performed to investigate the mechanisms related to AIFM3 expression in BC patients [13] . The 1109 breast cancer samples in TCGA-BRCA were divided into high and low expression group by the median expression of AIFM3. One thousand permutations for gene sampling were used to consider statistically significant and ensure the credibility of the results. The inclusion criteria were normalized P < 0.05 and false discovery rate (FDR) < 25%. The annotated gene sets of version 6.0 (H, C2 and C6) were downloaded from the Molecular Signatures Database (MsigDB). GSEA was conducted based on two groups and then significant enriched pathways related to malignant tumor biological process were chosen according to normalized enrichment score (NES). Relational biological processes, cellular components and molecular functions were verified.
Modelling crystal structure of AIFM3
MOE contains user interface enhancements for protein modeling, protein-protein interaction prediction and new scientific applications for computer-aided molecular design. Firstly, the sequence of human AIFM3 from NCBI database (accession code: Q96NN9) was downloaded and sequence similarity was searched by NCBI BLAST tool. Then, target protein sequence was aligned based on the sequence of the template and MOE 2018 package (Chemical Computing Group, Montreal, QC, Canada) was used for homology modeling. The parameters at one sidechain samples were set at the temperature of 300 K, ten mainchain models and medium intermediates refinement. The final model was scored by the Generalized Born/volume integral (GB/VI) [14] . Amber 10: EHT force field was selected for the whole modeling process. At last, energy of homology model was minimized with MOE. Ramachandran plots were used to evaluate the homology modeling of AIFM3.
Docking AIFM3 onto PTPN12
MOE Protein-Protein Dock was used to identify the intramolecular interactions of PTPN12 and AIFM3. At first, the structure of PTPN12 was prepared by MOE QuikPrep. Then the structure of homology model of AIFM3 was opened and docked with PTPN12. According to the tutorial of MOE Protein-Protein Dock, Bead interaction energy model equals Evdw plus Eele and Egb/vi. One hundred poses of these two proteins was generated and the lowest energy pose which had the strongest binding was chosen.
Patients and tissue samples
One hundred fifty-one patients pathologically diagnosed with infiltrative ductal carcinoma in the First Affiliated Hospital of China Medical University was evaluated. The median age of the selected patients at diagnosis was 51.3, ranging from 25 to 81. The inclusion criteria were as follows: (i) curative operations; (ii) available formalinfixed and paraffin-embedded specimens; (iii) reliable medical records. The collected BC tissues were cut into 4 μm sections.
Collection of clinical information
Data regarding age and tumor size were collected from Hospital Information System. The status of ER, PR, HER2, histological grade and lymph node metastases were collected from patient chart. The status of Ki67 could not be collected from patient directly, as Ki67 was not examined routinely before 2011. Herein, Pathology Department of the First Affiliated Hospital of China Medical University was invited to do an extra detection of Ki67 in all specimens of this study. Two professional pathologists who were blinded to the experiment separately evaluated IHC results. OS (Overall survival) and DFS (Disease-free survival) were collected from patients or immediate family members through telephone follow-up twice a year. OS was defined from the date of diagnosis to cancer-related death, and DFS was recorded from the date of diagnosis to the occurrence of local recurrence or distant metastasis Clinical stage relied on the clinical staging criteria set by the American Joint Committee on Cancer (AJCC).
IHC
Streptavidin-peroxidase (S-P) method was used for staining. Firstly, the sections were de-waxed by xylene and rehydrated in graded alcohol series. Next, we retrieved the antigen under high pressure using 10 mM sodium citrate buffer (pH =6.0). Ultra-sensitive™ S-P Kit (Maixin-Bio, China) was used to block endogenous peroxidase activity and reduce non-specific reactivity. Then, the sections were incubated with primary antibody against AIFM3 (1:100 dilution, Santa, US) at 4°C overnight, followed by incubation with secondary antibody and streptomycin avidin-peroxidase, according to protocol in Ultra-sensitive™ S-P kit. Finally, the sections were visualized with DAB reagent.
Evaluation of IHC
Two professional pathologists who were blinded to the experiment separately evaluated DAB staining. Each slide was examined at least five times and 100 cells were observed during each examination at 400X magnification. AIFM3 expression were estimated by double score semi-quantitative analysis. Staining intensity was recorded as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong). As for the percentage of positive cells, scores were marked as 0 (< 5%), 1 (6-25%), 2 (26-50%), 3 (51-75%), and 4 (> 76%). The final IHC staining score was determined by multiplying the staining intensity levels with the positive percentage staining scores. In this way, BC patients were categorized into two groups: AIFM3-high (score > 3) and AIFM3-low patients (score ≤ 3).
Statistical analysis
In this study, all statistical analyses were performed using SPSS 24.0 (Chicago, IL, USA). The relationship between AIFM3 expression and clinical pathology factors was examined by Pearson chi-square tests, Fisher's exact tests and logistic regression analyses. Spearman rank correlation analysis was used to show the correlation. Survival probabilities were judged by the KaplanMeier method and assessed by a log-rank test. OS curves and DFS curves were generated to evaluate the survival differences between the AIFM3-high and AIFM3-low patients. Cox proportional hazards regression models were used to examine the effects of AIFM3 expression on patient survival. The diagnostic value were analyzed using the ROC analysis. The area under the curve (AUC) more than 0.5 was considered to have diagnostic value. Probability values less than 0.05 were considered statistically significant.
Results
Expression of AIFM3 in breast cancer
To elucidate whether AIFM3 contributed to breast cancer, we evaluated the expression levels of AIFM3 by IHC in 151 real samples. We observed a wide range of staining, including no staining, light staining, medium staining and deep staining, as shown in Fig. 1a-d . IHC revealed an AIFM3 overexpressed rate of 62.9% (95/151) in BC, which was significantly higher than 30.0% (12/40) in adjacent normal breast tissues (P < 0.001).
Association between AIFM3 expression and clinical pathology factors
To further elucidate how AIFM3 was involved in the breast cancer development, we analyzed the correlation of AIFM3 expression with clinical pathology factors. Univariate analysis (Table 1 ) illustrated the significant correlation between AIFM3 expression and tumor size (P = 0.013), lymph node metastasis (P = 0.001), molecular typing (P = 0.031) and TNM stage (P < 0.001). Multivariate analysis (Table 2) showed that lymph node metastasis (P = 0.015) and TNM stage (P = 0.009/0.003) were independent factors of AIFM3 expression.
We analyzed AIFM3 expression in TCGA datasets. The TCGA RNA Seq data demonstrated that AIFM3 was significantly over-expressed in breast cancer compared with non-cancerous tissue samples. (P < 0.01, Fig. 2a) . A dot plot of AIFM3 levels was shown to classify "high" and "low" AIFM3-expression groups, (P < 0.01, Additional file 1: Figure S1 ).
Correlation of AIFM3 with prognosis in breast cancer patients
Bioinformatics analysis of data mining with the KaplanMeier plotter was performed. Log-rank test of OS curves revealed that overexpression of AIFM3 was significantly associated with a shorter OS in BC patients (P = 0.018, Fig. 2b ). As to various molecular typing groups, our results showed that high expression of AIFM3 was relevant to a shorter OS in luminal A patients (P = 0.060), luminal B patients (P = 0.003), Her-2 patients (P = 0.120) and basal-like type patients (P = 0.040) (Fig. 2c-f ) .
In 151 cases of patients, Kaplan-Meier survival analysis were used to assess the association of AIFM3 expression with OS and DFS. Using log-rank tests (Fig.  1g-h ), we determined overexpression of AIFM3 was significantly associated with a shorter OS and DFS, respectively (n = 151. OS, P = 0.018, DFS, P = 0.033). Then we used univariate Cox regression analysis to assess the impact of each clinical pathology variable on OS and DFS in BC patients. The OS and DFS were significantly associated with the following elements: tumor size (OS, P = 0.003; DFS, P < 0.001), lymph node metastases (OS, P < 0.001; DFS, P < 0.001), Her2 (OS, P = 0.006), TNM staging (OS, P = 0.027/0.003; DFS, P = 0.022/0.002) and AIFM3 expression (OS, P = 0.022; DFS, P = 0.034) (Additional file 2: Table S1 and Table S2 ). Furthermore, multivariate Cox regression analysis revealed that lymph node metastases (OS, P = 0.047; DFS, P = 0.036) and TNM stage (OS, P = 0.034/0.006; DFS, P = 0.048/ 0.040) were prognostic factors for a shorter OS and DFS in BC patients.
To evaluate whether AIFM3 expression could serve as a predictive marker for breast cancer, we used ROC (receiver operating characteristic curve) analysis. The ROC curves displayed a discrimination of the expression levels of AIFM3 by OS. ROC yielded an AUC of 0.718 for AIFM3, with diagnostic value (P < 0.001, Additional file 3: Figure S2 ). Based on this outcome, AIFM3 had a predictive value for patient overall survival in breast cancer.
AIFM3-related signaling pathways
Significant enriched pathways were related to BC biological process according to NES (Fig. 3a-h and Table 3 ). TCGA-BRCA samples in high AIFM3 expression group was enriched in estrogen response (late and early), 
Homology modeling of AIFM3
We modelled the three-dimensional structure of human AIFM3 by certain X-ray crystal structure. The structure of toluene 2, 3-dioxygenase reductase (PDB ID: 3EF6) was selected as the template to build homology model of AIFM3, according to the highest sequence identity scores (33%, Additional file 4: Figure S3A ). The sequences alignment of the newly-built human AIFM3 and 3EF6 was shown in Additional file 4: Figure S3B . Fig. 2 Expression and survival of AIFM3 signature in breast cancer (a) AIFM3 was significantly more expressed in breast cancer tissues than in normal tissues in TCGA (P < 0.0001). b High AIFM3 expression was relevant to a shorter OS in all BC patients in Kaplan-Meier plotter (P = 0.018). c High AIFM3 expression was relevant to a shorter OS in luminal A patients in Kaplan-Meier plotter (P = 0.060). d High AIFM3 expression was relevant to a shorter OS in luminal B patients in Kaplan-Meier plotter (P = 0.003). e High AIFM3 expression was relevant to a shorter OS in Her-2 type patients in Kaplan-Meier plotter (P = 0.120). f High AIFM3 expression was relevant to a shorter OS in basal-like type patients in Kaplan-Meier plotter (P = 0.040). g Overexpression of AIFM3 was significantly associated with a shorter OS in 151 patients (P = 0.018). h Overexpression of AIFM3 was significantly associated with a shorter DFS in 151 patients (P = 0.033)
Most residues of final models were in allowed regions of Ramachandran map (Fig. 4 and Additional file 4: Figure S3C ).
Protein AIFM3 -PTPN12 dock and expression correlation
We searched the crystal structure of PTPN12 (PDB ID: 5HDE) in Protein Data Bank. MOE 2018 was used to dock protein AIFM3 and PTPN12.The lowest potential docking energy of AIFM3 and PTPN12 was − 61.71 kcal/mol (Fig. 5a ). Residue E2 of PTPN12 was bound to residue D243 by hydrogen bond and induced force. Residue E2 of PTPN12, residue E259 of PTPN12 and residue K240 of AIFM3 had induced force. Besides, residue K42 of PTPN12 and residue Q240 of AIFM3, residue I259 of PTPN12 and residue E245 of AIFM3 had interaction by hydrogen bonds (Fig. 5b and Table 4 ). The interaction of residues of two proteins revealed that AIFM3 bond to PTPN12.
IHC of PTPN12 was performed and reported by our research group. The graded staining intensity was shown in the previous article [15] . High and low expression of PTPN12 was shown in Additional file 5: Figure S4A -B. In 151 BC tissue specimens, both AIFM3 and PTPN were high-expressed in 63 cases (41.7%) and both were low-expressed in 39 cases (25. 8%). High AIFM3 and low PTPN12 expression were assessed in 32 cases (21.2%), while low AIFM3 and high PTPN12 expression were detected in 17 cases (11.2%). Spearman correlation analysis showed that AIFM3 was positively correlated with PTPN12. Spearman rs were 0.348 (P < 0.001).
Discussion
Mitochondrial proteins played key roles in carcinogenesis of various cancer [16] . The expression levels of the mitochondrial proteins are found to be related to the progression of cancers, which warrants future investigation [17] [18] [19] . The studies of AIFM3 in cancer are limited to several cancers. AIFM3 was overexpressed in human CCA tissues. AIFM3 was a direct target of miR-210 which was related to proliferation of human hepatoma cells [20, 21] . So far, expression of AIFM3 has not been reported in BC. TCGA database analysis illustrated that the expression of AIFM3 was significantly higher in BC than in adjacent normal tissues. Our results were consistent with that found in TCGA, indicating that AIFM3 overexpression might facilitate malignant transformation and played an important role in the development and progression of BC. AIFM3 expression was associated with tumor size, lymph node metastasis, TNM stage and molecular typing. Lymph node metastasis and TNM stage were independent factors of AIFM3 expression. These results suggested that overexpression of AIFM3 predicted more proliferative and aggressive behavior of BC. Until now, the relationship between AIFM3 expression and patient survival in BC has not been identified. Based on bioinformatics analysis of data mining and the sample data collected, this study found that higher AIFM3 expression at gene and protein level indicated a shorter OS and DFS over 5 years, by multiple statistical methods. The result indicated that AIFM3 might be involved in the postoperative recurrence or distant metastasis of BC. In the univariate analysis, AIFM3, tumor size, lymph node involvement, HER2-status and TNM stage are correlated with a worse prognosis. We included variables with statistical significance (P < 0.05) in the multivariate analysis, lymph node metastases and TNM stage were prognostic factors for a shorter OS and DFS in BC patients (P < 0.05). The P value of AIFM3 is 0.053, which may be due to the insufficient sample size. In ROC analysis of OS, the AUC reached 0.718, indicating a good predictive value for AIFM3 (P < 0.001). AIFM3 may be a candidate marker assisting survival prediction in clinical practice. Further studies in larger scale of patients and in-depth analysis are required to elucidate the prognostic value of AIFM3 in BC, especially the role of AIFM3 as a prognostic factor, in BC patients or in patients with various kinds of molecular typing.
The occurrence and development of malignant tumors is resulted by a variety of signal pathways together [22] . The present study identified the potentially related mechanisms that AIFM3 might influence BC development. From GSEA, high AIFM3 expression was enriched in several gene sets. AIFM3 might exert late and early response to estrogen and decrease stem-like properties of breast cancer cells and stemness of breast cancer stem cells. AIFM3 might be involved in tumor cell survival, proliferation, invasion and migration via P53 signal pathway and Wnt/β-catenin signal pathway [23, 24] . AIFM3 was relevant to oxidative phosphorylation, which indicated AIFM3 might participate in maintaining the energy metabolism of tumor cells. AIFM3 correlated to DNA repair and peroxisome, which indicated AIFM3 might participated in reactive oxygen species pathway to regulate cancer development [25] .These results provides new insights for understanding the molecular mechanism of AIFM3 in regulating malignant tumor biology process. Since the molecular function of AIFM3 has not been fully explored, further studies are required to elucidate its role in carcinogenesis and metastasis.
We propose AIFM3 as a potential therapeutic target. It is theoretically possible for several reasons. Firstly, AIFM3 is more expressed in breast cancer tissue than in normal tissues. There is a significant association of AIFM3 expression with tumor size, lymph node metastasis, TNM staging and other clinical pathology factors, indicating that AIFM3 may be related to the occurrence and development of BC. Also, BC patients with high AIFM3 expression has poor prognosis. The result is a premise for AIFM3 to be a therapeutic target. Secondly, from GSEA, we propose AIFM3 may decrease stem-like properties of breast cancer cells and stemness of breast cancer stem cells (BCSCs). AIFM3 is also related to Wnt/β-catenin signal pathway, a recognized pathway in regulating the self-renewal of BCSCs. BCSCs, characterized by self-renewal and pluripotency, are regarded as the source of drug resistance and recurrence in BC. The use of stem cells and targeting the signaling pathway in therapy has shown attractive prospects. AIFM3 may have the potential to suppress tumor via targeting BCSCs.
AIFM3 plays a major role in caspase-dependent apoptosis [26] . AIFM3 containes an additional 2Fe-2S Rieske domain, which may be important for apoptosis induction. AIFM3 needs additional partners to fulfill its apoptogenic function. So it makes sense to study whether AIFM3 can interact with other proteins during apoptosis initiation and execution. PTPN12 facilitates cellular detachment by acting on an unidentified substrate and activating caspase-3 in cell death signal [27] . Caspase-3-cleaved form of PTPN12 controls EphA3 phosphorylation and ephrin-induced cytoskeletal remodeling [28] . PTPN12 has an N′-terminal phosphatase domain, as well as a C′-terminal region which contains multiple poly-proline rich sequences, contributing to substrate specificity through the protein-protein interaction [29] . Here, we used a novel software MOE 2018 to model the crystal structure of AIFM3 and docked protein PTPN12 onto AIFM3. The present study predicted binding residues of two proteins and revealed that crystal structure of AIFM3 bonded to PTPN12. We add to growing evidence that AIFM3 may interact with PTPN12. However, the mechanism of AIFM3 induced-apoptosis needs more study supported by experiments. Further study will be performed to determine interactions of AIFM3 and PTPN12.
Conclusion
AIFM3 was significantly more expressed in breast cancer tissues than in normal tissues. There was a significant association of AIFM3 expression with tumor size, lymph node metastasis, molecular typing and TNM staging. Lymph node metastasis and TNM stage were independent factors of AIFM3 expression. High AIFM3 expression was related to a shorter OS and DFS. AIFM3 might be closely related to occurrence and development of breast cancer.
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